Introduction
Stress cardiomyopathy (SC) was first described in Japanese literature in 1990. 1 The number of publications about this condition has exploded over the last 2 decades. [2] [3] [4] As there are several causes and morphological variants, our understanding of SC is continuing to evolve. SC occurs much more frequently in the critically ill than the medical community recognizes. 5, 6 The diagnosis of SC is challenging in the critically ill and does not conform to the published criteria. Several important critical care publications evaluating a spectrum of cardiac abnormalities over the last few decades have labelled SC variably, thus significantly limiting our current understanding. We offer a provocative broader understanding of SC gleaned from the published critical care literature and cardiac imaging studies to optimize the diagnosis of SC in the critically ill. 
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Defining SC
Originally described as Tako-tsubo cardiomyopathy (TC) and apical ballooning syndrome (ABS), we have subsequently included many morphological variants like basal and mid-ventricular forms under the umbrella of SC. 7, 8 There are still no definite criteria for the diagnosis of Stress Cardiomyopathy. The pathogenesis remains unknown and thus the diagnosis is not definitive for the majority of patients. Based on our evolving understanding, the following clinical framework appears to encompass the broad spectrum of SC: Stress cardiomyopathy (SC) is acute reduction in cardiac function oftentimes due to mental or physical stress with spontaneous complete normalization of cardiac function within days to weeks. This describes a clinical phenomenon that arises from a variety of causes and a myriad of clinical presentations but overlaps with some specific causes of cardiac dysfunction. 9 The emphasis of this simple definition of SC is on regional wall motion abnormality (RWMA) and its spontaneous recovery. The clinical presentation can vary from asymptomatic to crushing substernal pain and cardiogenic shock. Electrocardiogram (ECG) may include a wide range of abnormalities from sinus tachycardia, ventricular ectopy, ischemic ST depressions and deep T inversions to ST elevation myocardial infarction (STEMI) patterns. 10 Mayo criteria for SC diagnosis requires coronary angiogram to confirm absence of culprit lesions that may account for the RWMA. 7, 11 Our interest is in early non-invasive diagnosis of SC in the critically ill.
We have reviewed the various etiologies of cardiac dysfunction in the critically ill 12 and highlighted management issues specific to the critically ill. 13, 14 We routinely encounter potential SC in various ICU settings and have published our algorithm to definitively diagnose SC without catheterization. 9 This requires clinical suspicion, good quality echocardiographic windows to characterize the RWMA and repeat echocardiogram in about 5-7 days to confirm normalization/improvement of cardiac function. Recently, the European society of cardiology has published a position statement where they have differentiated primary SC presenting to the ER with chest pain from secondary takotsubo syndrome that develops during the course of hospitalization for another medical, surgical, anaesthetic, obstetric, or psychiatric condition. 15 
Literature
There has been an exponential growth in the publications on SC over the last 15 years. Between 2004 and 2014 over half a dozen criteria were published to diagnose SC. The widely used 2004 Mayo criteria were based on 16 patients with 'chest pain -potential ACS' where SC was diagnosed only after catheterization excluded CAD.
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In 2008 Mayo expanded their criteria to include non-ABS variants and patients with SC due to neurological events. 7 All the published criteria over the past decade stem from clinical experience of high volume centers describing patients presenting with cardiac symptoms initially and undergoing catheterization for potential ACS. [16] [17] [18] [19] Thus, all the studies have performed catheterization to exclude ACS and base the diagnosis of SC on excluding CAD. NTproBNP elevation appears to be more in SC and the ratio of troponin I to LV EF may help differentiate SC from ACS. 20, 21 These studies were not been performed in the critically ill and thus may not carry he same diagnostic utility in this population. Higher levels of Interleukin (IL)-6, IL-10 and carbohydrate-antigen (CA)-125 are associate with a more complicated hospital course and risk for recurrence of SC. These inflammatory and cancer biomarkers may be valuable risk markers in SC. 22, 23 We do not have any published diagnostic criteria for secondary SC that develops during the course of medical or surgical critical illness. Extrapolating the 2008 revised Mayo criteria to the critically ill sepsis, surgical and neurological disease populations is difficult and does not serve this population well. Our experience suggests these SC patients will be served better if the emphasis shifts to echocardiographic RWMA recognition instead of relying on catheterization for the diagnosis. 9, 24 This non-invasive diagnosis requires clinical suspicion and is imperative in the critically ill given the limitations of catheterization.
InterTAK registry
The InterTAK registry is the first international multicenter effort to gather data about SC systematically. 8 
McMaster series
Lim et al. from McMaster University have published several studies over the last 10 years addressing cardiac injury in the critically ill. [25] [26] [27] [28] [29] [30] [31] Troponin levels were followed systematically through the hospitalization and correlated with ECG changes, clinical picture and hemodynamic alterations. Along the lines of several similar but smaller studies over the last 2 decades, the McMaster experience also estimates that troponin elevation occurs in about half of all critically ill patients. Their 2010 series evaluated 103 patients and identified 49 patients with elevated troponins. 28 Authors evaluated patient charts for secondary causes of troponin elevation, namely sepsis (n = 9), left ventricular hypertrophy/ strain, intracranial hemorrhage/stroke, cardiac contusion/cardiopulmonary resuscitation (n = 3), cardiac infiltrative disorders, chemotherapy, myocarditis, pericarditis, cardiac surgery, congestive heart failure (n = 2), cardiomyopathy, pulmonary embolism/ pulmonary hypertension, chronic obstructive pulmonary disease (n = 3) and renal failure (n = 6). Based on troponin patterns, type II MI (due to hypotension, hypovolemia, supraventricular tachycardia, severe anemia or vasospasm) was identified in 10 (38% of MI) patients. Type I MI due to plaque rupture was determined to have caused the troponin elevation in 16 (62%) patients. A limitation of the series is that the authors did not consider SC in their differential for troponin elevation. Based on the study design and comorbidities of the patients, we suspect SC accounted for a significant portion of the type II MI, resuscitation and COPD groups.
As catheterization was not performed in majority of patients, it is likely that some of the troponin elevations attributed to 'plaque rupture' also represent SC. This series highlights the adverse prognostic implications of troponin elevation and difficulties in catheterizing critically ill patients. This series also underscores the limited recognition of SC among providers and researchers in critical care.
Critical care literature
Unlike the exponentially growing literature in the classically defined SC, the disease in the critically ill remains largely unstudied. Absence of set diagnostic criteria for SC in the critically ill is only the beginning of the problem. Symptoms are atypical and difficult to elicit. Arrhythmias and hemodynamic changes may be attributed to underlying illness, medications and metabolic derangements. Often Cardiologists are not involved early in the care or imaging of these patients. The limited applicability of cardiac catheterization in these settings leaves SC among many potential diagnoses despite suggestive enzyme elevations or wall motion abnormalities. Some of the literature regarding sepsis induced cardiomyopathy dates back 40 years and various investigators have dealt with this entity differently with regard to imaging modality and study parameters. [32] [33] [34] We will retrace the available literature to glean some understanding of the scope of SC in the critical care setting. Troponin elevation occurs in about 30-50% of critically ill patients. 35, 36 While overall mortality was 27%, subgroup with troponin elevation had a much higher mortality of 51% compared to 16% among patients without troponin elevation. 37 Maeder et al.
reviewed the literature regarding troponin elevation in sepsis and came to similar conclusions. 38 Elevated troponin levels in patients with sepsis indicate a higher severity of disease, the presence of myocardial dysfunction, and a worse prognosis. It is debatable if this troponin leak and cardiac injury is directly causative or just a marker for mortality. Echocardiographic studies of LV function in septic shock are limited and offer little insight into left ventricular RWMA 39, 40 and available only for a very small number of patients. 41 In a recent echocardiographic series of 106 severe sepsis or septic shock patients, 62% demonstrated cardiac dysfunction. Left ventricular diastolic dysfunction was present in 39 patients (37%), LV systolic dysfunction in 29 (27%), and RV dysfunction in 33 (31%). Reimaging within 5 days among survivors documented significant improvement in cardiac function. Wall motion abnormalities were not specifically reported in the group with LV systolic dysfunction. 42 Thus we have not separated sepsis-induced cardiomyopathy in further discussion of SC in the critically ill. Bailen et al. serially performed echocardiograms in critically ill patients without heart disease. 43 They excluded sepsis and 44 They performed serial echocardiograms in 92 consecutive medical ICU patients on the day of ICU admission, and on the third and seventh days in the hospital stay. LVAB was observed in 26 patients (28%). Sepsis was the reason for hospitalization in 16 (61%) and hypoxic/hypercarbic respiratory failure accounted for the remaining 10 (39%) patients. The mean lowest ejection fraction was 33 AE 8% (range, 19-46%). Importantly at the time of this study in 2003, basal and mid ventricular variants of SC were yet undescribed and are likely to have been missed. LVAB patients had a higher frequency of sepsis, a higher prevalence of hypotension on ICU admission, more frequent use of inotropic agents, and a higher frequency of cardiomegaly and pulmonary edema. Mortality at 2 months was nearly doubled (48%) in LVAB patients compared to 29% in ICU patients without LVAB. Subsequently, Haghi from Germany identified SC in ICU setting in 6 (30%) of 20 consecutive patients. 6 Average age was 68 years and half the patients were men. They all had classical apical ballooning that improved over days. Interestingly 5 of these 6 patients presented initially with hypotension or shock and one patient had giant T inversion on routine ECG. Catheterization was done to exclude CAD in all 6 patients. Marcelino et al. from Portugal routinely performed transthoracic echocardiograms (TTE) on all ICU patients. 45 TTE was performed by ICU physicians within the first 24 h of admission on 704 consecutive patients. Echocardiographic abnormalities were detected in 234 (33%) patients. Severe, previously unknown echocardiographic diagnoses were detected in 53 (7.5%) patients.
Severe LV dysfunction was detected in 23 patients. The wall motion abnormalities were not further characterized in this study but none of these patients had myocardial ischemia. We can infer that majority of these patients indeed had SC. Atypical forms of SC may occur in younger age ranges due to acute neurological processes like acute multiple sclerosis. 46 Inflammation and sympathetic over activity are likely involved in the causation of SC in the critically ill.
Global SC
Several case series suggest that global LV dysfunction without any focal wall motion abnormalities may be another manifestation of SC. Belcour et al. evaluated the prevalence of SC after convulsive status epilepticus in 32 (21 men) ICU patients. 47 Serial echocardiograms were performed at ICU admission and after 6, 12, 24, and 48 h of hospitalization. They defined SC as a 20% decrease in left ventricular ejection fraction noted initially and this recovered by 48 h. SC was diagnosed in 18 patients (56%) with mean left ventricular ejection fraction of 45 AE 14%. Global hypokinesia occurred in 15 patients and regional wall motion abnormalities were noted only in 3 patients. Catheterization was not routinely performed but was negative in the 3 patients with regional wall motion abnormalities. This series highlights an aspect of SC that is not addressed in the large InterTAK registry, namely global SC. InterTAK does not describe global SC in any of their patients as their methodology limits enrolling secondary SC patients.
The major cardiovascular causes of reversible LV dysfunction are tachyarrhythmias, myocarditis, hypertensive emergency and following cardiac arrest-cardiopulmonary resuscitation. Metabolic derangements due to sepsis, septic shock, severe acidosis, electrolyte abnormalities and toxin exposure may result in transient global LV dysfunction. 12, 48 We can argue that these 'physical stressors' have caused SC. On the other hand, some believe sepsis related global LV dysfunction is a specific entity. [49] [50] [51] Due to the numerous etiologies and absence of peculiar wall motion patterns, this form of SC is the most difficult to recognize. Using our broad definition for SC as any stress related acute LV dysfunction that spontaneously reverses, we believe many of the above etiologies of global LV dysfunction, including septic shock, would come within the broader umbrella of SC. Fig. 1 illustrates our current understanding of the prevalence of troponin elevation, the real scope of SC and global LV stunning in the critically ill.
Primary vs secondary SC
A significant majority of the publications describing tako-tsubo cardiomyopathy, atypical variants as well as the InterTAK registry would fit criteria for primary SC. 7, 8, 15 Community dwelling people in otherwise reasonable health, due to acute physical or mental stress, develop cardiac symptoms like angina, dyspnea or palpitation. Clinical presentation mimics ACS with ECG ischemic ST T wave changes, troponin elevation, tachyarrhythmias, pulmonary congestion and hemodynamic alterations. Cardiac catheterization is the mainstay of diagnosis and is often performed early. When the coronaries are free of disease or culprit lesions then the diagnosis of SC is made. This patient population is well recognized by the cardiology community, fulfill the Mayo diagnostic criteria and are represented in the InterTAK registry. We believe this primary SC group accounts for 2/3 of all the SC with initial cardiac symptoms typically bringing these previously healthy patients to medical attention. Stress cardiomyopathy of the critically ill, or secondary SC, is acute cardiac dysfunction developing during the course of hospitalization with critical medical, surgical or neurological illness (Table 1) . Half the patients are male and cardiac symptoms are much less evident. 6, 44 Global LV dysfunction may be a common form of SC in the critically ill. 47 Although ECG and troponin trends suggest myocardial injury, cardiac catheterization is not routinely performed due to bleeding concerns, renal dysfunction, hemodynamic instability or acute neurological processes. Serial echocardiography is the basis for diagnosis and helps direct supportive care, hemodynamics management and prognostication. 24, 52 Echocardiography also serves as gatekeeper for selectively performing catheterization in a minority of these patients who have potential for improvement with revascularization. 9 The RETAKO registry recently reported their SC experience with 328 patients. They have divided their cohort based on potential triggers into 2 groups: primary SC if no triggers or an important psychic stress and secondary SC if patients had physical factors like asthma, surgery,trauma, etc. 53 Since this is based on the modified Mayo criteria, the RETAKO registry, just like the InterTAK series, fails to capture the true spectrum of SC in the critically ill. We have presented several studies in critically ill patients that focus on troponin elevation and echocardiographic abnormalities. Intensivists recognize troponin as an adverse prognostic marker. 35, 36 Routine bedside echocardiograms are increasingly performed to direct hemodynamic management. [54] [55] [56] With a better understanding of secondary SC, we may recognize this entity sooner, helping the care of the critically ill. Fig. 2 . Stress cardiomyopathy in the critically ill may manifest with cardiac dysfunction and wall motion abnormalities (secondary SC). However, a larger subset likely have subclinical SC with cardiac stunning, ECG changes, hypotension or isolated troponin elevation. In the community many transient cardiac conditions may represent subclinical SC as well. RWMA indicates regional wall motion abnormalities.
6. Subclinical SC SC is clinically diagnosed when patients present with persistent cardiac symptoms and testing reveals significant LV dysfunction. Acute physical or emotional stress appears to account for 3/4th of patients and disproportionally high endogenous catecholamine levels is postulated as the basis for the transient cardiac stunning. 57 We, like some investigators, believe that clinical SC is one end of the spectrum with overt symptoms, echocardiographic abnormalities and hemodynamic changes. 17 Lesser physical or emotional stress is likely to elicit a smaller magnitude catecholamine response. Clinical symptoms may be transient and ignored. ECG manifestations may be less dramatic or nonspecific for ischemia; arrhythmias could be attributed to electrolyte abnormalities or comorbidities; and troponin elevation can be related to a long list of conditions like sepsis, intracranial hemorrhage/stroke, cardiac contusion/cardiopulmonary resuscitation, congestive heart failure, chronic obstructive pulmonary disease or renal failure. The regional wall motion abnormalities may at times recover rapidly with complete normalization of LV function within 36 h. 58 Critically ill patients without RWMA or LV dysfunction, may have milder forms of SC manifesting only as cardiac symptoms, ECG changes or troponin elevation. Several type II myocardial infarction patients, where troponin elevation is attributed to 'supply-demand mismatch', may indeed have subclinical SC. Basal hypercontractility may be an hyper-acute feature due to volume depletion and may preceded RWMA. 59 We suspect for every primary SC patient diagnosed, at least 1-2 other patients may have subclinical SC. In the critically ill, subclinical secondary SC is likely more prevalent. Due to the increasingly complex critically ill patients, prolonged survival with comorbidities, hemodynamic alterations and high inotrope infusions the heart is subject to multifold stressors. Even daily 'routine' bedside echocardiograms may fail to detect RWMA if cardiac abnormalities are very transient lasting only hours or even minutes. 58 Again, subclinical SC patients may just not develop RWMA and thus echocardiography may not be the ideal imaging tool in this setting. Since troponin levels remain elevated for several days after any cardiac injury, this may serve as the best 'screening tool' for subclinical SC. Use of point of care ultrasound devices in critical care environments is increasing and likely to identify more SC. A recent review highlights the importance of diagnosing SC with assessment of LV function, wall motion and outflow obstruction. 60 In the secondary SC population, we postulate for every clinically diagnosed patient, another 3-5 patients remain subclinical and undiagnosed. In Fig. 2 we have illustrated the common clinical scenarios where SC is currently diagnosed (the tip of the iceberg) and situations where SC may contribute to cardiac issues but is not recognized as such. Subclinical SC likely accounts for a significant proportion of critically ill patients manifesting transient symptoms, tachyarrhythmia, ECG abnormalities, heart failure, troponin elevation and hypotension.
'Probable SC' and benefits of this label
Our early research focused on dynamic LV outflow obstruction (LVOTO) as potential etiology for SC. 10, 61 We believe protocol driven initiation of inotropes and pressor agents in post-surgical and septic shock patients as well as insufficient volume Fig. 3 . Diagnostic algorithm in the critically ill with cardiac injury. Except for the rare patient with concern for true ACS, catheterization plays a limited role. Echocardiography is the mainstay for diagnosis of secondary SC.
replacement resulted in smaller LV cavity size and hypercontractility. 14, 62 We have published our echocardiography based diagnostic algorithm from our critical care experience. 9 Based on the clinical picture (signs, symptoms, ECG changes, troponin trends) and characteristic RWMA on echocardiography, without requiring catheterization, we diagnose 'probable SC'. The diagnosis of SC is confirmed in 3-7 days with a repeat echocardiogram confirming normalization (or significant improvement) in cardiac function.
The early clinical suspicion and echo based labelling as 'probable SC' has several distinctive advantages in the critically ill:
1. Anticoagulants and dual antiplatelet agent loading may be avoided thus reducing bleeding risk 2. Focus shifts to optimizing hemodynamics and volume status 3. Minimizing and early discontinuation of pressor agents and inotropes 4. Reduced need for invasive testing and cardiac catheterization thereby reducing procedural complications and delays 5. Prognostication and level of care planning
The one downside of this 'probable SC' diagnosis is the risk of misclassifying a true ACS patient as SC and thereby missing the optimal time window to revascularize culprit coronary lesions. ACS with coronary occlusion is rare in the critically ill. There is only a limited role for catheterization/revascularization due to advanced organ system dysfunction, bleeding, infection or poor survival expectancy. 63, 64 However, coronary angiography or ischemia evaluation with suitable stress testing should be planned electively after tiding over the critical illness.
Algorithm for diagnosis/management
There remains a substantial overlap of clinical presentations, troponin trends, dynamic ECG changes and even echocardiographic features between ACS and SC. The traditional apical ballooning variant of SC may actually be most difficult to differentiate from ACS with LAD occlusion. 10 The focal RWMA variant may also be challenging to differentiate from ACS if it involves a coronary distribution. The mid ventricular, basal variant, right ventricular and global SC forms are more readily identified as probable SC as they do not conform to any particular ACS manifestation. Fig. 3 is an algorithm to triage the critically ill patients and reduce use of higher risk cardiac catheterization/revascularization. Unless the clinical suspicion is very high for acute coronary occlusion, we may not require emergent catheterization. Majority of the critically ill would benefit from early bedside echocardiogram to carefully evaluate LV function and quantify RWMA patterns. Many of the global LV dysfunction patients may also have SC but it is imperative to exclude specific correctable etiologies first. 12 Cardiac MRI can offer early clarity by detecting ischemia and infraction thus guiding therapy. 65 SC can be definitively diagnosed usually in 3-7 days with repeat echocardiogram confirming normalization (or significant improvement) in the RWMA and LV function.
Conclusions
Stress cardiomyopathy in the critically ill patients is underrecognized. It has been reported and studied based on ECG, echocardiography and troponin abnormalities. The widely used Mayo criteria and the growing literature from InterTAK registry address previously healthy patients presenting from the community with acute coronary syndrome features. We have highlighted the clinical presentation and diagnostic features unique to the SC seen in the hospitalized sick population. Recognizing secondary stress cardiomyopathy as a unique clinical entity would help investigators gather much needed evidence to optimize the cardiac care of the critically ill.
